Heavy-ion collisions - hot QCD in a lab by Ploskon, Mateusz
Heavy-ion collisions - hot QCD in a lab∗
Mateusz P loskon´†
(Dated: August 7, 2018)
High-energy heavy-ion collisions provide a unique opportunity to study the properties of the hot
and dense strongly-interacting system composed of deconfined quarks and gluons – the quark-gluon
plasma (QGP) – in laboratory conditions. The formation of a QGP is predicted by lattice QCD
calculations as a crossover transition from hadronic matter (at zero baryochemical potential) and
is expected to take place once the system temperature reaches values above 155 MeV and/or the
energy density above 0.5 GeV/fm3. The nature of such a strongly coupled QGP has been linked to
the early Universe at some microseconds after the Big Bang. To characterize the physical properties
of the short-lived matter (lifetime of about 10 fm/c) experimental studies at Relativistic Heavy-
Ion Collider and the Large Hadron collider use auto-generated probes, such as high-energy partons
created early in the hadronic collisions, thermally emitted photons, and a set of particle correlations
that are sensitive to the collective expansion and the dynamics of the system. The lectures briefly
introduced some of the experimental techniques and provided a glimpse at some of the results.
PACS numbers: 12.38.Mh, 25.75.Nq, 25.75.Nq, 25.75.-q, 25.75.Ag, 25.75.Bh, 25.75.Cj, 14.40.Pq, 13.87.-a
I. INTRODUCTION
Quantum Chromodynamics (QCD) solved on the lat-
tice predicts a phase transition from normal nuclear mat-
ter to the state of deconfined quarks and gluons [1].
The so-called quark-gluon plasma (QGP) is created once
the temperature raises above a critical temperature Tc
of about 150 MeV at zero baryo-chemical potential, or
density of the system is larger than about 0.5 GeV/fm3.
Such conditions are often referred to as extreme: in units
commonly used in daily life we would have to deal with
densities of larger than 1015 g/cm3 and temperatures be-
yond 1012 K. Current understanding of the evolution
of our Universe point out that such a QGP state could
have existed microseconds after the Big Bang [2]. Nowa-
days, matter under such extreme conditions can be cre-
ated and studied in the laboratory by colliding heavy-
nuclei at ultra-relativistic energies. Such collisions pro-
vide a unique opportunity for studying how the physical
properties of the strongly interacting non-abelian par-
tonic matter emerge from the fundamental interactions
of QCD.
There are a number of similarities between experimen-
tal studies of common materials and the studies QCD
matter. Figure 1 shows a sketch of a phase diagram of
QCD matter and the similar temperature-density dia-
gram for water. Several well known phases of matter can
be found in both diagrams: solid, gas, and liquid. By
compressing and/or heating the matter, different phases
can be accessed experimentally. High-energy heavy-ion
collisions discussed in this write-up create matter at the
high-temperature and low bayon density corner of the
QCD diagram.
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The experiments at top SPS and then RHIC energies
brought the major discovery that the QGP behaves es-
sentially as a strongly coupled liquid and is opaque to
high energy partons (for example see Ref. [3, 4] and ref-
erences therein). These observations have been confirmed
at the LHC [5, 6]; however, with an interesting twist that
the collisions of much lighter system (proton-lead) can
produce particle correlations that resemble observations
from the heavy-ion collisions [7] while providing no signal
of in-medium modification of high-energy parton showers
(jets) [8].
Model calculations show that by changing the collision
energy one can access different regions of the QCD dia-
gram. High-energy heavy ion collisions have been studied
experimentally in the last decades at increasing center-
of-mass energies at the Brookhaven Alternating Gradient
Synchrotron AGS (
√
sNN < 5 GeV), the CERN Super
Proton Synchrotron SPS (up to
√
sNN = 17.3 TeV) and
the Brookhaven Relativistic Heavy Ion Collider RHIC
(
√
sNN ≤ 200 GeV), and now also, at the Large Hadron
Collider LHC at CERN at
√
sNN = 2.76 TeV and√
sNN = 5 TeV, which is almost a factor 30 higher than
the maximum collision energy at RHIC. On the other
hand, RHIC continues exploring the phase diagram in
search of the critical point, with the Beam Energy Scan.
In this write-up I do not attempt to provide a complete
set of results and experimental techniques employed in
the heavy-ion experiments. I rather discuss a set of se-
lected topics while providing an ample amount of refer-
ences for further reading. I do focus on collisions at RHIC
and at the LHC energies, which produce matter at the
highest energy density in the largest volume and with
the longest lifetime attainable in any laboratory experi-
ment. The initial energy density achieved within heavy-
ion collisions has been measured to exceed the critical en-
ergy density (c) for the phase transition to quark-gluon
plasma (QGP). The analysis of current data combined
with theoretical modeling indicates that the ultra-dense
system of partons spends the first few fm/c after the col-
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FIG. 1. Phase diagram of QCD matter with a diagram for water. Several phases can be identified in both.
lision above the c, which is much longer in comparison to
typical strong interaction time scales, and may achieve a
quasi/approximate-equilibrated state. However, the life-
time of QGP is far too short to study the system with
external probes. Thus, characterization of the proper-
ties of the produced system must proceed by studying its
decay products. A single heavy-ion collision is a compli-
cated set of causally connected phenomena and physical
processes. In order to infer the properties of QGP we
must establish an understanding of the phenomena that
are not related to the QGP phase but are a rather triv-
ial consequence of colliding nuclei at high energies. For
simplicity let us assume that a heavy-ion collision can be
decomposed into three distinct stages arranged in time
(τ):
• Initial stage of the collision. The initial
stage comprises of the initial state radiation from
the colliding nuclei and initial nucleon-nucleon in-
elastic collisions, including hard and soft parton-
parton scatterings resulting in a large energy den-
sity within the overlap region. It is commonly
agreed that the initial scatterings take place in the
first tenths of fm/c (τ ∼ 0.3 fm/c). Note, the actual
passage time of the nuclei is τpass = 2R/γcmc. Very
often in order to interpret the experimental data
it is important to know the impact parameter of
the collision and the physical phenomena that con-
trol the initial energy density buildup. Such phe-
nomena may involve saturation effects expected for
low-x partons in nucleons and these effects are pre-
dicted much stronger for a nucleus as compared to
single nucleons. Moreover, the initial random posi-
tions of the nucleons participating in the collision
set the initial geometrical eccentricity of the collid-
ing system. The understanding of the initial stage
is critical for proper modeling and interpretation of
experimental results obtained with heavy-ion colli-
sions.
• Quark Gluon Plasma. Owing to the many
nucleon-nucleon collisions the energy density
within the system can be sufficiently high such
that the nucleons cease to exist as bound states
of partons. The liberated quarks and gluons inter-
act within a small but finite volume leading to the
creation of a small droplet of a thermalized quark-
gluon plasma. Within model calculations needed
to interpret the experimental data it is usually as-
sumed that the plasma reaches a point of thermal
equilibrium at about τ ∼ 1 fm/c. The main objects
of the heavy-ion research are the physical proper-
ties of the QGP, such as temperature, density, shear
viscosity / entropy density ratio. In this sense,
the studies of QGP resemble the scientific program
commonly known from the solid-state physics.
• Hadron gas and freeze-out. The expanding
QGP cools down and freezes into color neutral
hadrons at the so-called chemical freeze-out. Af-
ter the relative abundances of particles are set
elastic collisions between hadrons may still occur.
Hadrons interact (only elastically) until the so-
called kinetic freeze-out (τ > 10 fm/c). The un-
derstanding of this stage of the collision is likewise
critical for inferring the properties of QGP. In gen-
eral, the interactions of particles in the hadron gas
phase can distort the genuine QGP effects.
Lets introduce several experimental methods employed
in studies of the properties of heavy-ion collisions that are
used to infer the properties of the QGP:
3• Particle production and their pT spectra.
The density of the produced particles contains in-
formation about the state of the hadron gas at
freeze-out. Moreover, the relative abundance of
the types of particles and their momentum distri-
butions are affected by thermal properties of the
created system, by the phenomena of the collective
flow, and the stopping power within the collisions.
It is worthwhile to note that because of the dy-
namical evolution of the nuclear effects within the
initial stages of the collisions and the dynamical
evolution of the thermalized plasma the measured
distributions in AA collisions cannot be trivially
extrapolated from the existing measurements of pp
collisions.
• Particle correlations. The strongly interacting
system results in correlations of particles in the fi-
nal state. These correlations are sensitive to many
properties of the system, such as the size of the
emitting source (via quantum correlations of pro-
duced particles), the specific visosity - in particular,
the shear viscosity / entropy density ratio (via the
azimuthal momentum anisotropy of the produced
particles), and at high-pT, the jet-like correlations
are sensitive to the high energy parton-medium in-
teractions.
• Photons and di-lepton mass spectrum. The
low-momentum direct photons and low and inter-
mediate mass di-leptons are expected to be sensi-
tive to the dynamics of the hot fireball. In partic-
ular, dileptons provide an experimental access to
the thermal radiation of the QGP via the process
qq¯ → γ∗ → e+e−. Experiments at SPS and RHIC
have measured the excess in the di-lepton spectra
consistent with the predictions of an enhanced ther-
mal emission from the plasma. Moreover, dileptons
are perceived as a unique tool providing insights
into the nature of the restoration of chiral sym-
metry of QCD. From the measured direct photon
spectra at low momentum we infer the initial tem-
perature of the medium: the inverse slope param-
eter T of an exponential fit to data at RHIC gives
T ≈ 220 MeV and now at the LHC T ≈ 300 MeV.
• Jets. Jets of particles originated by highly vir-
tual partons are used as auto-generated probes of
the medium. The parton-medium interactions and
subsequent modifications of the jet structure (jet
quenching) are a sensitive to the density and tem-
perature of the medium. The main goal here is to
extract the so-called jet quenching coefficient qˆ that
is characteristic to a given medium. The coefficient
is proportional the density of the medium.
• Heavy-quarks. Heavy-quarks are one of the most
promising tool to study the mass and flavor depen-
dence of jet quenching, but also provide a strin-
gent constraints on the transport properties of the
medium such as the longitudinal drag - a diffusion
coefficient.
• Quarkonia. Production of bound qq¯ states of
heavy-quarks is sensitive to the temperature of the
medium. The measurements of the various quarko-
nia states are an important source of information
for modeling of the QGP.
This writeup does not discuss all of those points ex-
plicitly nor in depth. This write up should serve as an
introduction to few selected ideas about experimental as-
pects of heavy-ion collisions and should not be regarded
as a complete review.
II. EXTRACTING PROPERTIES OF
QUARK-GLUON PLASMA
A. Heavy-ion Collisions: Centrality and Nuclear
Effects
Before the quick overview of properties of QGP let us
take a few notes concerning trivial consequences of col-
liding heavy nuclei at high energies. First, by the virtue
of colliding nuclei we expect that more than one nucleon
may collide from each of the ions. Also, some nucle-
ons may encounter more than one nucleon on their flight
path. Figure 2 shows two heavy ions before and after a
collision - a visualization of UrQMD calculation [9]. The
number of collisions and the number of nucleons that col-
lided depends on the impact parameter b of the collision
(see Fig. 2). A model of nuclear collisions connecting
the geometry to the observed particle multiplicity was
developed based on the inital work by Glauber [10]. In
a nutshell, from Glauber model we know how to connect
the particle production to the number of colliding nucle-
ons and their spacial position (geometry of the collision)
– the multiplicity is inversely proportional to the impact
parameter of the collision. Nowadays, heavy-ion exper-
iments use multiple measures of multiplicity (or energy
flow) within different regions of phase space to minimize
uncertainties in determination of the total hadronic cross
section and the simple geometry of nuclear collisions. As
a result the Glauber modelling of the nuclear reactions is
rather well understood (including its limitations [11]).
Apart from connecting multiplicity to the impact pa-
rameter the Glauber modelling is used to calculate other
quantities characteristic of the collision geometry, such
as the number of participating nucleons (Npart), and
the number of binary nucleon-nucleon collisions (Ncoll).
Both of those quantities are often used to present the
data. Figure 2 shows sketches of few selected collision
“centralities” in the transverse plane (perpendicular to
beam axis) - peripheral collisions where impact param-
eter is large, semi-central, and central with b close to
zero. Note, the impact parameter together with the axis
along the beam define the so-called reaction plane. Cen-
trality of the heavy-ion collisions is often expressed in
4FIG. 2. Top Left: Two heavy ions before the collision with the impact parameter b. Top Right: The spectators remain
unaffected while in the participant zone, particle production takes place - UrQMD calculation [9]. Bottom: An illustration of
the often used nomenclature. Three collisions in the transverse plane are shown (from left to right): peripheral, semi-central,
and central.
the percentile of the total inelastic cross-section. Typi-
cally a peripheral collision is considered beyond 80% of
the cross-section (for example in Pb-Pb collisions) where
the impact parameter approaches two times the radius of
the nuclei. While collisions referred to as “central” are
at typically 0-10% (or 0-5%) of the cross-section.
It is worthwhile to note, that particle production can
take place for collisions with b > 2R where it is dom-
inated by electromagnetic processes. These so-called
ultra-peripheral collisions (UPC) are on their own an in-
teresting field of research and among other interesting
aspect provide unique insight into the structure of nu-
clei. For a recent review of UPC see Ref.[12].
Last but not least we should remark that the Lorentz
contracted nuclei flying at each other with nearly speed
of light are carriers of strong QCD fields. Fields, that are
of much larger magnitude as compared to single nucle-
ons colliding in vaccuum. Thus one of the complications
in extracting the nuclear effects related to formation of
QGP is the proper treatment of the so-called Cold Nu-
clear Effects (CNM). The CNM effects such as modifica-
tions of the parton distribution functions within nucleons
conained within the nuclei [13] as compared to the free,
unbound nucleons can affect interaction and production
cross-sections. Alternatively, the effects related to satu-
ration of parton distribution functions at low-x (fraction
of momentum carried by partons) [14] can also alter the
particle production as compared to nucleon-nucleon col-
lisions. Moreover, calculations within the framework of
the Color Glass Condensate Effective Field Theory [15]
show that non-trivial correlations between partons in the
initial stages of the collisions may propagate to the final
state hadrons [16]. These CNM effects are of crucial im-
portance for accurate interpretation of the measurements
in heavy-ion collisions.
B. Particle production
The interpretation of the experimental findings
strongly relies on theoretical understanding and mod-
eling of heavy-ion collisions. Any model providing so-
phisticated interpretations should be capable of repro-
ducing some of the basic observables. One of those is the
pseudo-rapidity density of the produced particles. Figure
3 summarizes the experimental data on charged particle
production in a narrow interval around the central ra-
pidity (|η| ≈ 0) as a function of the collision energies in
pp and most central heavy-ion collisions. Within a single
heavy-ion collision a single nucleon may interact more
than once and, as expected, a heavy-ion collision pro-
duces on average larger particle density per participating
nucleon than a pp collision. Moreover, the increase of
the energy of collisions for heavy-ions results in a much
steeper rise than in the case of proton-proton collisions.
An order of magnitude increase in the collision energy re-
sults in roughly doubling the energy density. At the top
energy of the LHC the density of produced particles per
participating nucleon pair in the most central collisions
reaches a factor two times that in equivalent pp collision.
Note that the number of participating nucleons in a cen-
tral Pb–Pb heavy-ion collision (0-5%) is about 380, while
for pp collisions it is 2.
Observables based on particle identification play one of
the central roles in the experimental studies of heavy-ion
collisions. The extraction of majority of signals of QGP
depends on observables measured differentially with the
type or the mass of the particle. The experiments em-
ploy various detection technologies to identify particles
via their characteristic signals of their interactions with
the detector material. These include detection of the
Cherenkov radiation of an energetic particle traversing
5FIG. 3. Charged particle pseudo-rapidity density per partic-
ipant pair for central nucleus–nucleus and non-single diffrac-
tive pp (pp) collisions, as a function of
√
sNN. The solid lines
∝ s0.15NN and ∝ s0.11NN are superimposed on the heavy-ion and
pp (pp) data, respectively. Figure from [17].
through a dielectric material of the detector, measure-
ments of the energy loss within a gas or sensitive solid
state volume of the detector, as well as measurements
of the time-of-flight of particles. For an overview see
the performance evaluation of several detection technolo-
gies employed in the ALICE detector [18]. More details
on some high-energy heavy-ion collision detectors can be
found in [19] (ATLAS), [20] (CMS detector), [21] (LHCb
detector), [22] (PHENIX detector), and [23] (STAR de-
tector).
The so-called thermal or statistical models are formu-
lated to describe the state of the system at the chemi-
cal freeze-out. Using the measured abundances of pro-
duced hadrons and assuming a local thermal equilibrium
a model considering the grand canonical statistical en-
semble is often used to extract the freeze-out temper-
ature of the system. The grand canonical ensemble is
defined by the chemical potential µB , temperature T an
the volume V of the system. In particular the number of
hadrons produced in a collision can be written as:
ni = giV
∫
d3p
(2pi)3
[
exp
(
Ei(p)− µi
T
)
− 
]−1
, (1)
where the chemical potential µi for strongly interacting
system is a linear function of the baryon chemical po-
tential µB , the strange chemical potential µS , and the
isospin chemical potential µI . At the LHC the chemi-
cal potential is close to zero (at high collision energies
as many anti-particles as particles are produced). The
volume of the system is fixed by consideration of the
Pb–Pb collision and it is mostly driven by the most abun-
dant species (pions). Finally the temperature is predom-
inantly constrained by the particle ratios with large mass
differences (any baryon/pion ratio for example). Figure 4
shows an exemplary comparison of results obtained with
models to the experimentally obtained particle abun-
dances. Three models are shown from Refs. [24–26]. For
a recent and an in-depth discussion of the thermal models
and the data see (for example) Ref. [27] and references
therein.
C. System Size and Lifetime
The size (the spatial extent) and the expansion rate
of the system at decoupling from the hot plasma can be
extracted by exploiting intensity interferometry, a tech-
nique which exploits the Bose-Einstein enhancement of
identical bosons emitted close by in phasespace. This ap-
proach, known as Hanbury Brown-Twiss analysis (HBT),
was applied in e+e, hadron-hadron, lepton-hadron, and
heavy-ion collisions (see Ref. [28] and references therein).
Figure 5 (left panel) shows the product of three pion
radii at a relative transverse momentum scale of the two
pion extracted from central collisions at several energies.
Clearly the collisions at the LHC produce the largest spa-
tial extent RoutRsideRlong ∼ 300 fm3. Also, the decou-
pling time extracted using the longitudinal radii Rlong is
largest for central collisions at the LHC reaching about
10 fm/c (see the right panel of Fig. 5).
D. Radial and transverse particle flow: kinetic
freeze-out, and specific viscosity
One of the consequences of the interactions within the
expanding system can be velocity isotropization or ther-
malization of its constituents. In turn the bulk of the
emitted hadrons will flow with a common average trans-
verse velocity 〈βT〉. Moreover, the bulk of the hadrons
is likely to be emitted at the so-called freeze-out temper-
ature Tkin. The pT spectra of the measured particles is
be sensitive to these freeze-out parameters. Let us follow
the prescriptions used in [29]. The particle spectra are
fitted individually with a blast-wave function [30]:
1
pT
dN
dpT
∝
∫ R
0
rdrmT I0
(
pT sinh ρ
Tkin
)
K1
(
mT cosh ρ
Tkin
)
,
(2)
where the velocity profile ρ is described by
ρ = tanh−1 βT = tanh−1
(( r
R
)n
βs
)
. (3)
The mt =
√
p2T +m
2 is the transverse mass, I0 and K1
the modified Bessel functions, r is the radial distance in
the transverse plane, R is the radius of the fireball, βT is
the transverse expansion velocity and βs is the transverse
expansion velocity at the surface. The free parameters
in the fit are the freeze-out temperature Tkin, the av-
erage transverse velocity 〈βT〉 and the exponent of the
velocity profile n. The function describes very well the
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FIG. 4. Abundances of identified particles in most central heavy-ion collisions compared to thermal models GSI [24], THERMUS
[25], and SHARE [26]. Figure from [27].
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spectrum of all particles within the measured pT range.
However, from fits to a single particle species no physics
interpretation of those parameters can be extracted. The
correct way to extract the freeze-out condition is to per-
form a combined fit to different particle species. The
results of the simultaneous fit defined by Eq. 2 to all
the particle spectra within a selection of collision cen-
tralities are shown in Fig. 6 for ALICE measurements
[29] at the LHC and STAR at RHIC [4]. The Tkin is
lower for more central events as compared to peripheral
events, suggesting a longer lived fireball. This is strongly
correlated with the evolution of the average expansion
velocity - the 〈βT〉 grows for large volumes of the system
(more central events). Moreover, the almost an order
of magnitude increase in the
√
sNN results in the larger
Tkin for all centralities at the LHC as well as it energizes
the system to reach larger expansion velocities. On the
other hand, the similar trends of the blast wave param-
eters may also suggest a common physical properties of
the system and its similar evolution despite the vastly
different collision energies. Note, that the radial flow
(expansion of the system with common velocity of par-
ticles) provides a straightforward explanation for the so-
called the baryon anomaly (see Ref. [31] and references
7therein for more details). Finally, let us note that the
kinetic freeze-out Tkin (about 100 MeV) is much smaller
than the chemical freeze-out Tchem (about 155 MeV) ex-
tracted from the chemical abundances of particles. This
is of course consistent with the picture of the collision
evolution where the chemical freeze-out is followed by
the kinetic freeze-out.
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One of the most interesting observations is the final-
state azimuthal angular anisotropy of the produced parti-
cles in non-central collisions (with the impact parameter
b > 0) (see Ref. [32] for a good overview – briefly followed
below). The measurements of these anisotropies allow to
address fundamental questions on the dynamic properties
of the hot and dense QCD matter. An example of a non-
central collision is shown in Fig. 8. The two colliding nu-
clei create an asymmetric fireball. A correlation between
the measured azimuthal momentum distribution of par-
ticles emitted from the decaying fireball and the initial
spatial asymmetry is then driven by multiple interactions
between the constituents of the created matter. In other
words, the momentum anisotropy depends on the initial
spatial anisotropy but also carries information about how
the matter flows. The flow is directly related to the equa-
tion of state and thermodynamic transport properties of
the created matter. The initial asymmetry is quantified
in the transverse plane by the so-called eccentricity
 =
〈
y2
〉− 〈x2〉
〈y2〉+ 〈x2〉 , (4)
where the x and y are the coordinates in the transverse
plane of the collision. The interactions within the fire-
ball may lead to the final energy-momentum anisotropy
defined as:
T =
〈Txx − Tyy〉
〈Txx + Tyy〉 , (5)
where Txx and Tyy are the diagonal transverse compo-
nents of the energy momentum tensor. An example of a
model calculation demonstrating how the initial almond
shaped fireball while cooling down expands in time is
shown in Fig. 7. The energy density asymmetries at
late times can be seen by comparing the contours in the
orthogonal x and y directions.
To characterize the various patterns of the particle
distributions a Fourier expansion of the invariant cross-
section is used:
E
d3N
d3p
=
1
2pi
d2N
pTdpTdy
[
1 + 2
∞∑
n=1
vn cosn(ϕ−ΨRP )
]
,
(6)
where E and p are the energy and momentum of the
particle, ϕ is the azimuthal angle, and y is the ra-
pidity. For symmetry reasons the sine terms are zero,
while the Fourier coefficients are given by: vn(pT, y) =
〈cosn(ϕ− ΦRP)〉. Although the energy-momentum ec-
centricity T from Eq. 5 is not directly observable one
may experimentally study the evolution of the energy
density by measuring the vn coefficients. To relate the
T to vn coefficients it is useful to note that the the ellip-
tic flow coefficient v2 can be written as v2 =
〈p2x〉−〈p2y〉
〈p2x〉+〈p2y〉 ,
where px and py denote the transverse components of the
particle momentum.
Figure 9 shows a compilation of integrated v2 measure-
ments in heavy-ion collisions as a function of the collision
energy. The figure prepared by the ALICE Collaboration
[36] demonstrates a continued increase of the magnitude
of elliptic flow from few GeV, through RHIC energy to
the LHC. It is most interesting to see the transition of v2
from the negative values (out-of-plane flow) at lower en-
ergies to a large positive (in-plane flow) values. The nega-
tive v2 at lower energies is reminiscent of strong nucleon
potentials driving the produced particles to escape the
dense fireball perpendicular to the reaction plane where
the pressure is lower than in-plane. On the other hand,
the positive values at the lowest beam energies result
from the in-plane rotational motion of the nucleons par-
ticipating in the collision which predominantly happens
in-plane. Again the positive v2 at energies
√
sNN > 4
GeV indicate an onset of strong interactions within the
fireball that eventually at high energies lead to creation
of a strongly coupled de-confined medium. The results
on v2 from RHIC have established that for such a system,
where the mean free path of a particle is much smaller
than the size of the system, the evolution of QGP can be
describbed by a relativistic hydrodynamics with a very
small specific viscosity. For more details on the applica-
tion of hydrodynamics to heavy-ion collisions see [37].
Figure 10 presents the Fourier coefficients measured at
the LHC in semi-central (30-40%) collisions [36]. The v2
is in particular sensitive to the internal friction or specific
viscosity of the fluid, or more precisely, η/s, the ratio
of the shear viscosity (η) to the entropy density (s) of
the system. Comparison of the elliptic flow measured
8FIG. 7. Result of theoretical calculation [33]. Time evolution of the initial transverse energy density profile in coordinate space
for a non-central heavy-ion collision. The z-axis is along the colliding beams and the x-axis is defined by the impact parameter.
FIG. 8. Sketch of two nuclei after the collision with the impact
parameter b > 0 creating the hot fireball in the center region.
The reaction plane is defined by the z-coordinate and the
vector of the impact parameter b - the x-z plane. The spatial
anisotropy with respect to the reaction plane translates into a
momentum anisotropy of the produced particles (anisotropic
flow). Figure from [32].
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FIG. 9. Integrated elliptic flow at 2.76 TeV in Pb–Pb 20–
30% centrality class compared with results from lower energies
taken at similar centralities [34, 35]. Figure from [5].
in heavy-ion collisions with theoretical models suggests
that the hot matter created in the collision flows like a
fluid with little friction, with η/s close to a limit derived
using string theory methods with the anti-de Sitter /
Conformal Field Theory conjecture [38] for a perfect fluid
FIG. 10. v2, v3, v4, v5 as a function of transverse momentum
and for three event centralities. The full, open symbols are
for ∆η > 0.2 and ∆η > 1.0, respectively. The data in the
30%–40% most central collisions compared to hydrodynamic
model calculations. Figure from [36].
η/s = h¯/4pikB , where h¯ is Planck’s constant and kB is
the Boltzmann constant.
Further constraints to the theoretical calculations can
be achieved by measuring the higher n Fourier coefficients
vn for n > 2. The odd coefficients arise from the event-
by-event fluctuating orientations of the nucleons. In some
events the overlapping collision zone may be shaped sim-
ilar to a triangle. The v3 is associated to the so-called
triangular flow. Further symmetry planes introduced by
the geometrical fluctuations may result in large number
of vn coefficients to be non-zero and can be used to fur-
ther constrain the theory (see Fig. 10).
E. Temperature, Density and Transport Coefficient
1. Temperature
Measurements of real and virtual photons can be used
to characterize the temperature of the created medium.
For example, lepton pairs, are produced during the en-
9tire space-time evolution of the fireball and freely escape,
undisturbed by final state interactions. The virtual pho-
tons decaying into lepton pairs can be characterized by
two variables, mass M and transverse momentum pT.
The mass distribution can be directly connected to the
space-time averaged spectral function of the intermediate
vector meson. The measurement of pT spectra of lepton
pairs may offer access to their emission region, as pT en-
codes the fireball temperature and the transverse flow.
For an overview and discussion of thermal dilepton pro-
duction in heavy-ion collisions at SPS and RHIC see Ref.
[39] and references there in. In constrast to hadrons, that
flow with the characteristic velocities at decoupling, the
lepton pairs are continuously emitted during the evolu-
tion of the system. They are thus produced with small
flow and high temperature at early times, and larger flow
and smaller temperatures at later times. With the mea-
surement of direct photon spectrum in central heavy-ion
collisions and in particular its thermal contribution the
current understanding is that one of the hottest places
in the Universe is created at the LHC. The spectrum in
0.9 < pT < 2.1 GeV/c and 0-20% centrality class can
be described by an exponential with an inverse slope pa-
rameter of about 300 MeV [40]. For a recent overview of
electromagnetic probes of QGP see Ref. [41] and refer-
ences therein.
Quarkonia (bound states of heavy quark and anti-
quark) play historically an important role in establish-
ing the existence and properties of QGP [42]; however,
the complete description of their production in heavy-
ion collisions remains a challenge to theory. Charmonia
states for instance are an attractive probe of the strongly
coupled system of quarks and gluons as their sizes can be
smaller than light hadrons (down to a few tenths of a fm)
and having large binding energies (> 500 MeV). Thus,
early on it was suggested that the quarkonia states can
be used as a thermometer of the QGP [42, 43]. Various
states would dissociate within the plasma depending on
the screening potential of the QGP. The so-called sequen-
tial suppression was predicted: on average the heavy-
ion collisions would produce fewer quarkonia states as
compared to the extrapolation from the proton-proton
collisions, and the states strongly bound would melt at
higher temperatures than the less bound states. The
color screening would dissociate charmonium in QGP
such that first the higher excited states (2S), (1P), then
the ground state (1S) would break up (see Fig. 11 show-
ing evolution of J/ψ production probability as a function
of energy density). The first predictions pointed that
the J/ψ (1S) would not survive temperatures of about 2
times Tc, the critical temperature needed for creating the
QGP. At present according to lattice QCD calculation
this number is estimated between 1.2 and 1.9 Tc depend-
ing on the details of the lattice calculations. On the other
hand, a compensating scenario may take place. Namely,
1) all primary charmonia dissociated at high collision en-
ergy contribute to the abundance of charm quarks; and
2) charm and anti-charm quarks can equilibrate with the
rest of the plasma and a substantial amount of the cc¯
pairs may survive until hadronisation when by statisti-
cal combination charmonia states in addition to the open
charm hadrons can be created (see for example Ref. [44]).
Such scenario is presented in Fig. 11 in terms of pro-
duction probability of J/ψ as a function of the energy
density.
The extraction of the genuine effects of hot QGP on
the charmonia states is complicated by the CNM effects.
These can be of two types. One related to the modifi-
cations of the parton distribution functions within nu-
clei (the so-called shadowing and anti-shadowing) that
may have a direct impact on the observed number of
produced quarkonia. The second effect originates from
the final probability for energy loss of quarkonia within
the nuclei. This final-state energy loss in the cold nu-
clear matter may also directly influence the observed pT
spectrum of quarkonia states. Both of these effects are
present in the case of AA collisions. An experimental ac-
cess to these effects can be provided by the collisions of
protons and nuclei (see [45, 46] and references therein).
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FIG. 11. Top: A schematic representation of suppression
of charmonia states as a function of energy density. The
probability is normalized to the total number of charmonia
pairs. Bottom: A qualitative conjecture of dissociation and
re-combination of J/ψ as a function of energy density. The
probability is normalized per initial J/ψ particle (see [47]).
One of the most striking experimental evidence for
the suppression of the quarkonia states and its relation
to their respective binding nergy is shown in Fig. 12.
The invariant-mass distribution of di-muons was recon-
structed in pp and Pb–Pb collisions by the CMS collab-
oration. The plots focus on the mass region of the bb¯
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FIG. 12. Dimuon invariant-mass distributions from the pp
(a) and PbPb (b) data at
√
sNN = 2.76 TeV. The same recon-
struction algorithm and analysis criteria are applied to both
data sets, including a transverse momentum requirement on
single muons of pµT > 4 GeV/c. The solid lines show the result
of the fit described in the text. Figure from [48].
states. It is evident that the higher states of 2S and 3S
are no longer resolvable in the Pb–Pb case. A very dif-
ferent case than in pp collisions where the three peaks of
the Y states are visible.
The measurements of the modification factors for J/ψ
and Y states can be ordered with respect to their bind-
ing energy. Figure 13 shows clearly the suppression pat-
tern that is consistent with the expectation for the “melt-
ing” of the states according to strength of the binding.
The states with small binding energy (ψ(2S), Y (3S) and
Y (2S)) are strongly suppressed. While the J/ψ and
Y (1S) show much larger RAA. Moreover, a clear ev-
idence for heavy-quark thermalization and flow within
the QGP medium is provided by measurements of ellip-
tic flow v2 > 0 of J/ψ [50]. For more in-depth discussion
of heavy-flavor and quarkonia in pp and AA collisions
see Ref. [51]. For recent results on J/ψ production in
Xe-Xe collisions and discussion of earlier results on the
suppression see Ref. [52].
2. Density and Transport Coefficient
More informtion on the transport properties and in-
ternal structure of the QGP can be obtained via mea-
surements of interaction of the colored hard probes with
such a medium. The idea here is quite simple: similar
to X-ray scanning of an unknown material, highly ener-
FIG. 13. Nuclear modification factor demonstrating the sup-
pression of quarkonia states as a function of their binding
energy. Figure based on [49].
getic (hard) partons that interact with the medium are
used. The first consideration of using particle jets result-
ing from the decay of highly virtual partons to probe the
medium dates back to 1980’s [53]. For a more recent but
pre-LHC review see [54]. Nowadays, at RHIC and even
more so at the LHC energies, partonic interactions with
large momentum transfer are abundant, and the hadronic
remnants of high-energy scattered partons (jets) become
experimentally accessible. These partons while propagat-
ing through the dense matter produced in the collision
may interact with the medium and loose a portion of
their energy (medium-induced energy loss). A parameter
that is used to characterize the medium is the so-called jet
transport coefficient qˆ ∝ µ2/λ, where µ is the momentum
transfer between the medium and the parton, and λ is
the mean free path within the medium. The qˆ is directly
proportional to the density of the medium (through the
dependence on the mean free path). The energy loss of a
parton within a medium of a given density and tempera-
ture can be related to qˆ such that dE/dx ∝ αsqˆL2, where
L is the path length that a parton traversed through the
medium.
Historically, full jet reconstruction in the presence of
large backgrounds in heavy-ion collisions was thought
to be impossible. This view predominated until re-
cent developments in background subtraction techniques.
Therefore, initially the experiments at RHIC utilized the
single particle measurements, which approximated jets
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via leading hadron observables. STAR and PHENIX
at RHIC have measured a strong depletion of high-pT
hadrons created in central heavy-ion collisions as com-
pared to the expected yields derived from proton-proton
measurements.
Assuming the scaling of hard processes with the num-
ber of independent binary nucleon-nucleon collisions one
can define the nuclear modification factor RAA as a ratio
of hadron yields measured in heavy-ion collisions to ex-
pected yields obtained by superposition of independent
nucleon-nucleon inelastic collisions:
RAA(pT) =
dNAAh pT/dpT
〈Nbin〉dNpph (pT)/dpT
(7)
The measured RAA (see Fig. 14) indicates a large
deficit (of about factor 5) of high-pT hadrons in Au–Au
collisions as compared to p-p. At the LHC the RAA grows
to up to 0.5 at 100 GeV/c. Such loss of hadrons and no
sign of deficit for the color neutral objects (direct pho-
tons, W and Z bosons recently measured at the LHC -
RAA ∼ 1 [57–59]), as well as no sign of nuclear effects
at high-pT in p–Pb collisions at the LHC [60] supports
the argument of substantial interactions of high-energy
partons within a hot and dense colored medium created
in heavy-ion collisions.
Figure 14 (right panel) summarizes the current status
of characterizing the properties of the medium using the
jet transport parameter qˆ/T 3. The value of the param-
eter has been extracted by fitting the experimental data
of single hadron RAA and di-hadron at RHIC and the
LHC, for a number of jet quenching models. In addi-
tion, the figure illustrates the evolution of the parameter
with temperature (the ranges for RHIC and the LHC are
indicated). For more details see Ref. [56].
The first measurement of jet quenching with fully re-
constructed jets in heavy-ion collisions focused on the
balance between the highest transverse energy pair of
jets in events where the two jets have an azimuthal angle
separation, ∆ϕ = |ϕ1 − ϕ2| > pi/2. ATLAS Collabora-
tion has analyzed Pb–Pb collisions at
√
sNN = 2.76 TeV
and extracted the dijet asymmetry Aj defined as:
Aj =
ET1 − ET2
ET1 + ET2
, (8)
where the first jet is required to have a transverse en-
ergy ET1 > 100 GeV, and the second jet is the highest
transverse energy jet in the opposite hemisphere with
ET2 > 25 GeV. The jets were reconstructed using the
anti-kTalgorithm with R = 0.4. The results shown in
Fig. 15 have two distinct features:
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FIG. 15. (top) Dijet asymmetry distributions for
data (points) and unquenched HIJING with superimposed
PYTHIA dijets (solid yellow histograms), as a function of
collision centrality (left to right from peripheral to central
events). Proton-proton data from
√
s == TeV 7 TeV, an-
alyzed with the same jet selection, is shown as open circles.
(bottom) Distribution of ∆ϕ, the azimuthal angle between the
two jets, for data and HIJING+PYTHIA, also as a function
of centrality. Figure from [6].
• The asymmetry in peripheral events is consistent
with the pp data while for central events it shows
strong modifications: a depletion for small Aj and
a maximum at about 0.4. This is a clear indication
that the recoiling jet loses a significant fraction of
its energy.
• The accoplanarity of the dijet system (demon-
strated by the ∆ϕ distribution) remains unchanged
with respect to pp collisions. This is observed even
for the most central collisions where the quenching
effects are expected to be the strongest.
These two observations provide a wealth of informa-
tion about the nature of jet quenching beyond the single
hadron and jet RAA. The modification of the Aj con-
firmed the conclusion that the medium induced radiation
is transported outside of the jet cone and it is consistent
with the RAA < 1 (or RCP < 1). On the other hand, the
lack of medium induced acoplanarity provides strong con-
straints to the theoretical considerations of the quenching
process: although jets loose significant amount of energy,
their original direction remains unmodified.
The abundance of high-pT probes at the LHC and
RHIC has provided a flare of new results on jet spectrum
modifications but also on jet substructure modifications.
Nowadays, it is a remarkably quickly evolving subfield.
For a recent overviews see Ref. [61, 62] and references
therein.
Heavy-quarks are produced early in heavy-ion colli-
sions and their abundances do not cha ge through the
evolution of the collision system. They are produced in
hard collisions (because of their large mass) and their
production can be calculated within the pQCD frame-
work. This makes them excellent auto-generated probes
of the medium. However, the central point of the con-
siderations of heavy-quark energy loss is that the gluon
radiation from a highly energetic parton traversing the
quark-gluon plasma shows a characteristic hierarchical
dependence on the color charge and mass of the par-
ton projectile: ∆Egluon > ∆Elight quark > ∆Eheavy quark.
Here, the first inequality follows from the larger color
charge of partons in the adjoint representation. The sec-
ond inequality is due to the dead cone effect, which sup-
presses radiation of massive particles in the vacuum and
in the medium. Indeed, theoretical calculation show that
the energy loss of a quark is inverse proportional to its
mass (∆E ∼ 1/M) and provides a handle on the lon-
gitudinal diffusion coefficient [63, 64] of the QGP. The
recent measurements at RHIC and the LHC [65] show
that indeed heavy-flavor quarks loose substantial energy
within the medium and flow within the bulk of QGP [66].
Moreover, measurements of B-mesons and non-prompt
J/ψ provide instight into the parton mass dependence of
the energy loss. For a projections of heavy-flavor mea-
surements in LHC Run-3 and references to current data
see [67, 68].
III. SUMMARY
This write up provides only a glimpse at the physics of
the hot and dense QGP. The heavy-ion collision field is
continuing its mission to understand the nature of mat-
ter at extreme conditions, both at high densities and
high temperatures. In the upcoming years RHIC will
continue exploration of the phase diagram in the search
of critical point with the Beam Energy Scan and LHC
will continue providing most interesting data from the
high energy regime to study the inner working of the hot
plasma.
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